We present a detailed analysis of the structure of strongly focused, radially polarized electromagnetic fields. The existence of phase singularities of the two components of the electric field is demonstrated. Two different mechanisms to obtain creation or annihilation of these phase singularities are discussed. These are changing the aperture angle of the lens and the width of the beam. Also, it is shown that in the focal plane the handedness of the electric polarization ellipse is an alternating function of the radial distance. Finally, the different contributions to the electric energy density are examined.
Introduction
Recently, much research has been devoted to the focusing of radially polarized beams [1] , [2] . Possible applications range from single molecule imaging [3, 4] to the trapping of metallic particles [5] . Radially polarized beams differ significantly from linearly polarized beams. For example, they can be focused to a narrower spot [6] - [8] , with a field distribution that remains rotationally symmetric. Also, the field in the focal region has a stronger longitudinal component. Finally, the recently discovered irregularities in the wavefront-spacing in the focal region [9] are more pronounced for radially polarized fields than they are for linearly polarized fields [10] . The electric field in the focal region of a radially polarized beam has two non-zero parts, namely a radial component and a longitudinal component. In the present paper we examine the dependence of the electric energy density contributions of these two components on the angular aperture angle of the focusing system. Also, the behavior of the electric polarization ellipse in the focal plane is studied in detail. Finally, we demonstrate that the different components of the electric field posses phase singularities. Two different mechanisms for the creation or annihilation of these singularities are examined.
Focused, radially polarized fields
Consider an aplanatic focusing system L, as depicted in Fig. 1 . The system has a focal length f and a semi-aperture angle α. The origin O of a right-handed cartesian coordinate system is taken to be at the geometrical focus. A monochromatic, radially polarized beam of frequency ω is incident on the system. The electric and magnetic fields at time t at position r are given by the expressions
respectively, where Re denotes the real part. There are many ways to create a radially polarized beam (see, for example, Refs. [1] and [2] and the references therein). One of them is to combine two, mutually orthogonally polarized, Hermite-Gaussian beams [3] . The longitudinal and radial components of the electric field at a point P = (ρ P , z P ) in the focal region are then given by the formulae [10] e z (ρ P ,
where J i is the Bessel function of the first kind of order i. Also, l(θ ) denotes the angular amplitude function
where w 0 is the spot size of the beam in the waist plane, which is assumed to coincide with the entrance plane of the focusing system. On using the dimensionless optical coordinates
Eqs. (3) and (4) can be rewritten as
where the parameter β = f /w 0 denotes the ratio of the focal length of the system and the spot size of the beam in the waist plane. It follows from Eqs. (8) and (9) that the field has the following symmetry properties:
where the asterisk denotes complex conjugation. It is seen from Eqs. (10) and (11) that, in addition to the rotational symmetry of the field components, the time-averaged electric energy density w e = ε 0 E 2 (u, v)/2 is symmetric about the focal plane. This quantity will be further investigated in the next Section.
The electric energy density
The time-averaged electric energy density consists of the sum of two contributions, viz.
where ε 0 denotes the permittivity in vacuum. One expects the relative contribution of the longitudinal field component to increase when the semi-aperture angle α increases. It is found that this is indeed the case. In Fig. 2 contours of the time-averaged electric energy densities |e ρ (u, v)| 2 and |e z (u, v)| 2 are shown, both normalized to the same value. In this example α = π/6, and it is seen that the contribution of the radial field component dominates at most points. The reverse is true, however, for larger values of α. This is illustrated in Fig. 3 contours for the same two energy density contributions are shown for the case that the semiaperture angle α = π/3. Now the contribution of the longitudinal field component is clearly dominant at most points in the focal region. These results are in agreement with earlier observations [2, 3] .
The state of polarization in the focal plane
It is seen from Eqs. (8) and (9) that in the focal plane (u = 0) the longitudinal electric field component e z (0, v) is purely imaginary, whereas the radial electric field component e ρ (0, v) is real-valued. Thus, for all points in the focal plane we can separate the real and imaginary part of the electric field and write
withρ ρ ρ andẑ unit vectors in the radial and the longitudinal direction, respectively, and Im denotes the imaginary part. Since e ρ (0, v)ρ ρ ρ and e z (0, v)ẑ are perpendicular to each other, they constitute the conjugate semi-axes of the polarization ellipse. Moreover,ρ ρ ρ lies in the focal plane, whereasẑ is perpendicular to it. Hence, the polarization ellipse of the electric field at any point in the focal plane is at right angles to the focal plane. Also, the plane of polarization (i.e., the plane formed by the polarization ellipse) at a point (x, y, 0) = (v cos φ , v sin φ , 0) makes an angle φ with the xz-plane. The two axes of the polarization ellipse are in the ratio
(a) |e | Fig. 4 . It is seen that at certain circles in the focal plane (e.g., v = 3.0, 6.7) the electric field is purely radial, whereas at others (e.g., v = 0, 5.2) the electric field is purely longitudinal. At the former points the field is linearly polarized along the radial direction with the ratio R being zero; at the latter points the field is linearly polarized along the z-direction with R being infinite. Both sets of circles constitute so-called L-lines in the focal plane [14] . We note that at points such as v = 1.4, 4.4, 5.9 where R(v) equals unity (indicated by the dashed line in Fig. 4b ), the polarization is circular. In other words, the circles v = 1.4, 4.4, 5.9 form so-called C-lines in the focal plane. The sense in which the electric polarization ellipse is traversed (i.e., its 'handedness') can be determined by noting from Eqs. (1) and (13) that E(0, v,t = 0) = e ρ (0, v)ρ ρ ρ, whereas a quarter period later one has E(0, v,t = π/2ω) = Im [e z (0, v)]ẑ. This implies that if, on varying the radial distance v, one of the two electric field components changes sign, then so does the handedness of the state of polarization. Stated differently, in the focal plane the L-lines (at which the polarization is linear) separate rings in which the electric polarization ellipse is being traversed in opposite directions. The electric polarization ellipse and its handedness are shown in Fig. 5 for selected values of the radial position v. As a side remark we note, as can be seen from Fig. 4(a) , that everywhere in the focal plane at least one of the two electric field components is non-zero. Hence, in contrast to focused linearly polarized fields [12] , nowhere in the focal plane does the total electric energy density (given by Eq. (12)) vanish.
Phase singularities
In a previous paper we showed that the longitudinal electric field component of strongly focused, linearly polarized beams exhibits phase singularities [11] . We also showed that these singularities can be created or annihilated when the semi-aperture angle of the focusing system is changed. We now examine the existence of phase singularities of the two field components of the electric field in the focal region of focused, radially polarized beams. The presence of singular points (i.e., points of zero amplitude) of both e z and e ρ in the focal plane is evident from the zero-crossings of the field components depicted in Fig. 4(a) . Additional singularities of e z are seen in Figs. 6 and 7 in which the phase of the field component is indicated by color. At points where different colors meet the field amplitude is zero and, consequently, the phase of the field component is singular.
In the description of linearly polarized light there is only a single free parameter, namely the semi-aperture angle α [11] . However, in the model for radially polarized light, there is an additional free parameter, the beam parameter β (See Eqs. (8) and (9)). One might therefore guess that there are two different mechanisms for the creation or annihilation of phase singularities, namely varying the semi-aperture angle α, and varying the beam parameter β . This is found to be indeed the case. In Figure 
Conclusions
We have examined the structure of strongly focused, radially polarized fields. It was found that the relative contribution to the time-averaged electric energy density of the longitudinal field component increases with increasing semi-aperture angle. It was shown that in the focal plane there are circular L-lines at which the electric polarization is linear. These S-lines separate rings in which the electric polarization has an opposite handedness.
The existence of phase singularities of both components of the electric field was demonstrated. There are two different ways in which these singularities may be created or annihilated, namely by variation of the semi-aperture angle, or by variation of the beam size parameter.
